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HualianRiver is abundant in runoff andhigh in sediment transport capacity.Most surfacewater is utilized for
agricultural purposes,whereasdomestic and industrialwaterusage relies on the copious amountof available
groundwater. To understand the use of water resources in this basin, the fundamental characteristics and
recharge of the groundwater need to be analyzed. In this study, the weight of different factors for potential
groundwater recharge and the score under various characteristicswere assessedbasedon the characteristics
of the study area. A GIS approach was used to integrate ﬁve contributing factors: lithology, land cover/land
use, lineaments, drainage, and slope. The results demonstrated that about 1.2%of the studyarea is designated
as excellent potential groundwater recharge. Good, moderate and lower potential groundwater recharge
areas cover 11.6, 11.7 and 29.9%, respectively; the area with poor potential groundwater recharge covers
45.6%. The results indicate that the most effective groundwater recharge potential zone is located in the
Huatung Valley. In this region, the gravelly stratum and the concentration of drainage also help the
streamﬂow recharge the groundwater system.
© 2016 Chinese Institute of Environmental Engineering, Taiwan. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
The Hualian River basin water resources are primarily used for
agriculture irrigation, followed by domestic and industrial use.
Despite the rich amount of surface water offered by the Huanlian
River, the surface runoff during wet and dry seasons ﬂuctuates
signiﬁcantly. Each year's high-ﬂow period starts from May to
October, which accounts for 70% of the runoff of the entire year.
After October, the ﬂow declines signiﬁcantly, and the driest period
occurs in February and March. From November to April of the
following year, the runoff in the drought period accounts for
approximately 30% of the annual runoff. The Huanlian River is
located in the Huatung Valley in Hualian County, Eastern Taiwan.
The Hualian River originates from Bazi Mountain, which is a sub-
range of the Dan Mountain. The main stream is approximately
57.3 km long, with a basin area of 1507 km2 and an annual runoff of
3810 million m3 (Fig. 1).
Yeh et al. [1] examined the stable isotopic composition of
precipitation, river water, and groundwater in the Hualian River).
Institute of Environmental
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d/4.0/).basin. Mountain river water accounted for 83%, and plain rainfall
accounted for 17% of the groundwater recharge in the Huanlian
River basin. The main stream of the Huanlian River exits the valley
from Dafong Mountain and enters the plains areas. It ﬂows along
Huatung Valley from southwest to northeast. The primary sub-
ranges include the Guangfu River, the Maan River, the Wanli
River, the Shoufeng River, and the Mugua River. These rivers run
into the ocean near Hualian Mountain, at the north of the Coastal
Range. The hydrogeology of the Hualian River basin can be divided
into three areas based on location: the Central Mountain Range,
Huatung Valley, and the Coastal Range. Depending on the terrain,
Hualian can be divided into two sections, Hualian Plain and
Huatung Valley Plain. Hualian Plain is located to the north of
Huatung Valley. Good gravel aquifers can be found at depths of
80e90 m underground. The width of the Huatung Valley's shallow
gravel layer tends to become thinner from the top to the bottom of
the alluvial fan, whereas the deeper layer is characterized
by coarse sands and occasional mud layers. With respect to
geological characteristics, Huatung Valley is located at the line of
collision between the Eurasian Plate and the Philippine Sea Plate.
The two sides of the valley are delimited by upthrust with high
angles. This study used lithology, land use/cover, lineaments,
drainage, and slope as the ﬁve signiﬁcant factors affecting po-
tential groundwater recharge. GIS technology was used to digitizeand hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND
Fig. 1. The location of the study region.
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database is constructed.
2. Methodology
Groundwater recharge refers to the entry of water from the
unsaturated zone into the saturated zone below the water table
surface, together with the associated ﬂow away from the water
table within the saturated zone [2]. Recharge occurs when water
ﬂows past the groundwater level and inﬁltrates into the satu-
rated zone. It is an extremely important water component of the
circulation cycle in nature. There are several methods such as
geological, hydrogeological, geophysical and remote sensing (RS)
techniques, which can be applied to determine groundwater
recharge potential zone [3]. Many factors affect the occurrence
and movement of groundwater in a region, including topography,
lithology, geological structures, depth of weathering, extent offractures, primary porosity, secondary porosity, slope, drainage
patterns, landform, land use/land cover, and climate [3e5]. In-
site hydrogeology experiments and geophysics surveys help
explain the groundwater recharge process and evaluate the
spatial-temporal differences in study regions. However, these
surveys often focus on a single affecting factor or an indirect site-
speciﬁc experiment for groundwater recharge, reducing the
reliability of the explanation. Recently, RS has been increasingly
employed to replace on-site exploration or experiments. RS
techniques enable improved characterization of the land surface,
which are applicable to an increasing number of hydrogeological
studies. RS not only provides a wide-range scale of the space-
time distribution of observations, but also saves time and
money [5e15].
RS technology, such as aerial photos, was used in the present
study to identify the geological features, topography, and distri-
bution of the rivers in the region under consideration. Additionally,
H.-F. Yeh et al. / Sustainable Environment Research 26 (2016) 33e43 35the land utilization survey database, geologic maps, and on-site
investigation were adopted to quantitatively and qualitatively
describe the hydro-geological conditions of the area. The different
polygons in the thematic maps were labeled separately. The inﬂu-
ence of the factors of groundwater recharge and the interaction
between the factors were examined. Weighting values were
assigned according to the on-site situation. The distribution of the
groundwater recharge potential zone was determined by coordi-
nating it with the space integrating function of the GIS. The
groundwater recharge potential zone has been assessed in various
methods in many countries [16e29]. In this study, the weights of
different factors for potential groundwater recharge and the scores
obtained under various characteristics were referred the study
methods of Shaban et al. [20] and Yeh et al. [30].
2.1. Mapping potential groundwater recharge zone
In this study, the weights of different factors for potential
groundwater recharge and the score under various characteristics
were assessed based on the characteristics of the study area. The
factors inﬂuencing groundwater recharge, and their relative
importance, were compiled from previous literature [20,30].
Duplicate factors were combined with only representative factors
extracted. This study used lithology, land use/cover, lineaments,
drainage, and slope as the ﬁve signiﬁcant factors affecting potential
groundwater recharge. GIS technology was used to digitize the
hydrologic and geographic information, and a fundamental data-
base was constructed. Appropriate scores were set for different
factors. Finally, the spatial analysis function was used to demon-
strate the potential groundwater recharge zone of the research
area.
2.2. Establishing potentially related groundwater recharge factors
2.2.1. Lithology
Lithology plays an important role in the occurrence and distri-
bution of groundwater. Shaban et al. [20] pointed out that the type
of rock exposed to the surface signiﬁcantly affects groundwater
recharge. Lithology affects the groundwater recharge by controlling
the percolation of water ﬂow [31]. Although some investigations
have ignored this factor by regarding the lineaments and drainage
characters as a function of primary and secondary porosity, this
study includes lithology to reduce uncertainty in determining lin-
eaments and drainage. The 1/2,50,000 geological map of Taiwan is
used to describe the lithology in this study.
2.2.2. Land use/cover
Land use/cover is an important factor in groundwater recharge.
It includes the type of soil deposits, the distribution of residential
areas, and vegetation cover. These are interpretable from satellite
image and land use/cover maps. Knowledge of land use and land
cover is necessary to help quantify the water budget. Land use and
land cover affect evapotranspiration, runoff, and recharge of the
groundwater system. Leduc et al. [32] estimated the difference in
the amount of groundwater recharge due to changes of land utili-
zation and vegetation from changes in the groundwater level. Land
use/cover is included in this study as an important factor affecting
the groundwater recharge process. The land use/cover of the study
watershed is assessed in accordance with the Territory Utilization
Status Survey Database established by the Land Administration
Bureau of the Taiwan Provincial Government.
2.2.3. Lineaments
A lineament is a linear feature in a landscape which is an
expression of an underlying geological structure such as a fault.Lineaments are generally referred to in the analysis of RS of frac-
tures or structures. Lineament photos from satellites and aerial
photos have similar characteristics, but the results of the explana-
tion in situ may be different. O'Leary et al. [33] deﬁned lineaments
as the simple and complex linear properties of geological struc-
tures, such as faults, cleavages, fractures, and various surfaces of
discontinuity, that are arranged in a straight line or a slight curve, as
detected by RS. Many non-geological structures, such as roads and
channels, cause errors in the analysis of lineaments. Therefore,
geologic maps and on-site investigations must be used to eliminate
possible errors. Lineaments may be used to infer groundwater
movement and storage. Lattman and Parizek [34] were the ﬁrst to
adopt a lineaments map to explore groundwater. Thereafter, many
scholars have applied this approach in complicated geological re-
gions [9]. The present study used lineament-length density (Ld)
[L1] [35], which represents the total length of lineaments in a unit
area, as:
Ld ¼
Pi¼n
i¼1 Li
A
(1)
where
Pi¼n
i¼1Li denotes the total length of lineaments [L], and A
denotes the unit area [L2]. A high Ld value infers high secondary
porosity, thus indicating a zone with high levels of potential
groundwater recharge.2.2.4. Drainage
Drainage density is the total length of all the rivers in a drainage
basin divided by the total area of the drainage basin. The structural
analysis of a drainage network helps assess the characteristics of a
groundwater recharge zone. The quality of a drainage network
depends on lithology, which provides an important index of the
percolation rate. The drainage-length density (Dd) [L1], as deﬁned
by Greenbaum [35] indicates the total drainage-length in a unit
area, and is determined by:
Dd ¼
Pi¼n
i¼1 Si
A
(2)
where
Pi¼n
i¼1Si denotes the total length of drainage [L]. The Dd is
signiﬁcantly correlated with the groundwater recharge: a zone
with a high Dd having a high level of groundwater recharge. Many
studies have integrated lineaments and drainage maps to infer a
potential groundwater recharge zone [20].2.2.5. Slope
In many studies related to groundwater ﬂow and storage, the
slope is often ignored; especially in areas with less mountainous
terrain [36]. Rainfall is the main source of groundwater recharge in
both tropic and subtropic regions. The slope gradient directly in-
ﬂuences the inﬁltration of rainfall. Larger slopes produce a smaller
recharge because water ﬂows rapidly down a steep slope during
rainfall, so it does not have sufﬁcient time to inﬁltrate the surface
and recharge the saturated zone. The slope analysis function in the
GIS is used to assess the variation of slope in the study basin using
data from the Digital Terrain Model (DTM) database in Taiwan.2.3. Establishment of relationships among potential groundwater
recharge factors
During the process of recharge, groundwater recharge factors do
not have the same inﬂuence, and not every factor was independent
[20]. When calculating potential groundwater recharge, these fac-
tors were used for evaluation, and weight accumulation was
Table 1
Recharge potential factor weights obtained from Shaban et al. [20] and Yeh et al.
[30].
Factor Weight Factor rate Assigned weight
Lineaments density 10 2.0 20
8 16
6.5 13
5 10
3 6
Drainage density 6.5 1.5 9.75
5 7.5
3.5 5.25
2 3
Lithology 10 3.0 30
8 24
5 15
2 6
1 3
Slope gradient 10 1.5 15
8 12
6.5 9.75
5 7.5
Land use/cover 6.5 2.5 16.25
5 12.5
3.5 8.75
2 5
1 2.5
Note: Assigned weight ¼Weight  Rate.
Weight modiﬁed from Shaban et al. [20].
Factor rate cited from Yeh et al. [30].
Fig. 3. GIS technology used in spatial integration and analysis to demarcate basin
potential groundwater recharge zone.
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Pr can be expressed as:
Pr ¼
X
wiri (3)
wherewi is the ith factor weight []; ri is the ith factor rate [], and
the subscripts i refer to the individual features of a theme.Fig. 2. The interactive inﬂuence of factors concerning the recharge property [30].
Table 2
Relative rates for each factor.
Factor Calculation Proposed relative rates
Lithology 3  1.0 ¼ 3.0 3.0
Land cover/land use 1  1.0 þ 3  0.5 ¼ 2.5 2.5
Lineaments 2  1.0 ¼ 2.0 2.0
Drainage 1  1.0 þ 1  0.5 ¼ 1.5 1.5
Slope 1  1.0 þ 1  0.5 ¼ 1.5 1.5
S10.5The weight of a factor represents the proportion of its value in
the potential recharge scale. For a large-scale study area, the po-
tential recharge value cannot be tested and veriﬁed, so the score
weight of the recharge potential must be subjectively determined
according to the importance of each factor during the recharge
process. Thus, the higher the recharge weight, the larger the in-
ﬂuence of the factor was. Each of the contributing factors has a
degree of positive or negative effect in terms of groundwaterTable 3
Categorization of factors inﬂuencing recharge potential in the Hualian River
watershed.
Factor Domain of effect Assigned weight
Lineaments density 5e6 (segment per 1 km2) 20
4e5 16
3e4 13
2e3 10
0e2 6
0 0
Drainage density 6e10 (segment per 1 km2) 9.75
4e6 7.5
2e4 5.25
0e2 3
0 0
Lithology Gravelly sand 30
Slate/Schist 24
Other metamorphic rock 15
Marble/Dolomite 6
Igneous rock 3
Slope gradient 0e10 15
10e20 12
20e35 9.75
35e60 7.5
Land use/cover Surface water body/river channel 16.25
Agricultural land 12.5
Bare land 8.75
Forest 5
Building 2.5
H.-F. Yeh et al. / Sustainable Environment Research 26 (2016) 33e43 37recharge. Therefore, ﬁve major descriptive levels were given,
ranging from very high to very low. Proposed weighting of these
levels starts from maximum 10 points to the minimum level of 1
point. This study referred to the study methods of Shaban et al. [20]
and Yeh et al. [30]. The factor weights are shown in Table 1.
This study used the inﬂuential factor diagram of groundwater
recharge potential (shown in Fig. 2) drawn by Yeh et al. [30]. In the
diagram, there were primary and secondary inﬂuential relation-
ships among the factors. Each relationship was weighted ac-
cording to its strength. The representative weight of a factor of
recharge potential was the sum of all weights from each factor. A
high weight indicated that the factor had a large inﬂuence on
groundwater recharge. If a primary inﬂuential relationship exis-
ted among factors, then a weight of 1.0 was assigned. If a sec-
ondary inﬂuential relationship existed among factors, then a
weight of 0.5 was assigned. The weights for each factor were
added together to obtain the recharge potential factor weight. For
example, there was a primary inﬂuential relationship among theFig. 4. Lithology maplithology factor and the lineament, drainage, and land use/cover
factors; thus, the weight for the lithology factor was set to be 3.0.
The results are shown in Table 2. In this study, satellite images
were used to analyze the completed digital map and to set
appropriate inﬂuential scores according to inﬂuential factors. The
superposition principle was used to determine recharge potential
scores for all locations in the study area (shown in Fig. 3) to serve
as the reference for division.3. Spatial analysis of potential groundwater zone
The distribution of factors was determined using the recharge
potential factor maps of the study area. The division standard of
Shaban et al. [20] and Yeh et al. [30] was used to deﬁne the weight
division standard of every recharge factor in the study area, as
shown in Table 3. According to the division standard, the area was
divided into 500 500 m, and the weight was calculated accordingof the study area.
H.-F. Yeh et al. / Sustainable Environment Research 26 (2016) 33e4338to every factor in a given square. The ﬁve factor maps obtained
using this method were described below.
3.1. Analysis of the types of lithology
The Central Range exposed the Tananao metamorphic rocks
which were divided by Shoufeng fault into the Sanchui and Yuli
Formations of the greenschist-facies metamorphic rocks. The 1/
2,50,000 geological map of Taiwan surveyed in 2004 reveals that
the upstream region of the Hualian River watershed is mainly
composed of metamorphic rock (slate and schist). In the midstream
region, the basin mainly consists of marble and dolomite (21.3%)
and the downstream region composed of gravelly sand (22.5%). The
gravelly sand in the downstream provides excellent regions for
percolation. The data indicate that the valleys have higher scores
due to having alluvial fans. Fig. 4 shows the distribution of lithology
in the study area.Fig. 5. Land use/cover m3.2. Analysis of land use/cover
The land use/cover of the study watershed was assessed in
accordance with the Territory Utilization Status Survey Database
established by the Land Administration Bureau of the Taiwan
Provincial Government. The information was obtained from
the original map of the territory utilization survey drawn by
the Land Administration Ofﬁce of the counties and cities. In the
urban planning districts, 1/500, 1/600, 1/1000 or 1/1200
cadastral maps were used as the base maps. In the non-urban
planning districts, the 1/5000 farming map from the Agricul-
ture and Food Agency was used as the base map. The scores
indicate that the study area is mainly composed of forest land
(72.2%), agricultural land (12.2%), bare land (7.8%), and river
channel and surface water bodies (3.9%). The factor potential
distribution of land use and cover of the study area are shown in
Fig. 5.ap of the study area.
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For the assessment of the lineaments of study watershed, a
stereoscope was used to interpret the aerial photos from an agri-
cultural aerial survey from 1996 to 2000, which was veriﬁed on-
site. A computer algorithm was used to obtain the feature lines of
a topographic chart. The Ld of the completed linear structure map
and the structure line obtained by the Central Geological Survey,
Ministry of Economic Affairs was then calculated. The scores
showed that the lineaments were more densely distributed in the
east of the study area, mainly due to higher land elevation of this
area. The development of river system has caused serious erosion
downstream, so the Ldwas higher. Themain distribution area of the
length-density value of the Ld was found to be 2e3 km km2
(53.3%), and the secondwas 0e2 km km2 (41.7%). Fig. 6 depicts the
Ld diagram of the study area.Fig. 6. Lineament density m3.4. Analysis of Dd
The distribution of drainage in the study watershed was
determined using the aerial photos of an agricultural aerial
survey undertaken in 1996e2000. The main stream of the
Huanlian River exits the valley from Dafong Mountain and en-
ters the plains areas. It ﬂows along Huatung Valley from
southwest to northeast. The primary sub-ranges include the
Guangfu River, the Maan River, the Wanli River, the Shoufeng
River, and the Mugua River. These rivers run into the ocean
near Hualian Mountain, at the north of the Coastal Range. The
Dd was often larger than 2.0 km/km2, making the region an
excellent percolation recharge zone. The distribution range of
the Dd was mainly between 2 and 4 km km2 (30.7%), followed
by 0e2 km km2 (25.8%). The evaluation of Dd potential is
shown in Fig. 7.ap of the study area.
Fig. 7. Drainage density map of the study area.
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The slope analysis function in the GIS was used to assess the
variation of slope in the study basin using data from the DTM
database in Taiwan. The Council of Agriculture authorized the
Aerial Survey Ofﬁce of Forestry Bureau to measure and to pro-
duce the digital terrain information used in this study. Three-
dimensional aerial photos with regular 40 m sampling intervals
were applied. The study basin was part of a mountainous area.
The division results show that the east region of the area was
steep and thus unfavorable for inﬁltration. The slope becomes
less and less steep towards the west. The precipitous terrain
caused rapid runoff, and does not store water easily. A small part
of the downstream was fairly gentle, so the time for percolation
was increased. Since the terrain varies signiﬁcantly, the factor
slope varies inversely with the groundwater recharge. Fig. 8 il-
lustrates the distribution of slopes in the study area.3.6. Demarcation of the groundwater recharge zone
In this study, for the purpose calculating potential groundwater
recharge, the factors were used for evaluation, and weight accu-
mulation was applied to get a recharge potential score. The total
weights of different polygons in the integrated layer were
computed using a weighted linear combination method as follows:
Pr ¼ LDwLDr þ DDwDDr þ LGwLGr þ SGwSGr þ LCwLCr (4)
where Pr is the groundwater recharge potential index []; LD is the
score of lineaments density []; DD is the score of drainage density
[]; LG is the score of lithology []; SG is the score of slope gradient
[]; LC is the score of land use/cover [], and where the subscripts
w and r refer to the weight of a theme and the rate of individual
features of a theme, respectively.
The resultant values were reclassiﬁed into ﬁve classes with
groundwater potentiality from poor to excellent owing to the
Fig. 8. Slope gradient map of the study area.
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15.5e40 (poor), 40.1e50 (low), 50.1e60 (moderate) and 60.1e70
(good), 70.1e81 (excellent). The analytical results demonstrate that
the excellent groundwater recharge potential zone was concen-
trated in the downstream region due to the distribution of gravelly
stratum and agricultural land with high inﬁltration ability. Addi-
tionally, the concentration of drainage also helps the streamﬂow
recharge the groundwater system. The midstream region was less
important, and was inﬂuenced by the fractured slate and schist.
4. Conclusions
In this study, an integrated approach for assessing the charac-
teristics of groundwater recharge using GIS technique was pro-
posed for the Hualian River watershed, eastern Taiwan. This study
produced a groundwater recharge potential map of the moun-
tainous basin. This study is important for sustainable use of thegroundwater resource thereby enhancing groundwater recharge by
proper management. The results indicate that application of GIS
techniques help for groundwater exploration in narrowing down
the target areas for conducting detailed hydrogeological surveys on
the ground. The results indicate that the most effective ground-
water recharge potential zone is located in the Huatung Valley. In
this region, the gravelly stratum and the concentration of drainage
also helps the streamﬂow to recharge the groundwater system.
Additionally, the concentration of drainage also indicates the ability
of streamﬂow to recharge the groundwater system. This study es-
tablishes the interrelationships between the groundwater recharge
potential factors and the groundwater recharge potential scores
from the general hydrology characteristics of Taiwan. The maps
obtained by this method can be used by government and water
policy decision makers as a preliminary reference in selecting
suitable sites for groundwater resources management, e.g., drilling
new boreholes.
Fig. 9. Groundwater potential zone map prepared using GIS.
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